Radiative lifetimes of excited electronic states of several molecular ions have been measured using a technique which permits the mass selective storage of ions for periods of many msec. This technique is used to record radiative lifetimes ranging from 60 nsec to 
Introduction
The study of molecular ions in the laboratory poses special problems to the experimentalist in that large numbers of ions are difficult to work with. It is, in general, not possible to produce large numbers of a selected ion due to the usually violent nature of the ionization process which often results in molecular fragmentation as well as ionization. Rapid spacial dissipation of ions, caused by the mutual repulsion of the ions, makes it difficult to maintain significant ion densities for time periods greater than a few tens of nsecs. Particularly sensitive to this effect is the measurement of radiative lifetimes of excited electronic states of molecular ions. Many such states have radiative lifetimes in the ~sec regime and the measured radiative lifetime can be severely distorted by spacial dissipation of the ions.
The study of fragment ions, in particular, presents one of the greatest challenges to the experimentalist in that they are difficult to create and, when produced, typically constitute only a few percent of the total ionic species present. The CH+ radical has been the subject of numerous experimental and theoretical studies. This small ion is of great importance in atmospheric chemistry and is believed to play a fundamental role in the prdduction of many important molecular species within the interstellar clouds. Klemperer and Solomon (1972) have reported a detailed analysis of interstellar processes involving CH+ which are believed to have significant impact upon the molecular composition of the interstellar clouds. This ion is believed to be the precursor of CO, CN and several other molecular species, The chemistry involved in these processes is intimately related to the relative concentrations of the species involved. These concentrations must be inferred from the analysis of observed line strengths and known or calculated oscillator strengths. For CH+ a large uncertainty has existed in the radiative lifetime of the A 1 TI state. Since the A 1 nx 1 + · · h b E trans1t10n as een used to monitor interstellar CH+ this uncertainty manifests itself in a large uncertainty in stellar abundance and, in turn, leads to great confusion over the relative importance of certain molecular species in the interstellar medium. This uncertainty is not due to the lack of theoretical and expe~imental study, but to the inconsistent nature of the results. Until recently (Grieman et al., 1980), the only experimental method which had proven useful in the high resolution study of electronic transitions of molecular fragment ions was emission spectroscopy. Radiative decay rates obtained with this technique are subject to errors which are often difficult to identify or estimate. The cascading of population from highly excited electronic states and the rapid spacial dissipation of ions due to electrostatic repulsion can lead to distortions in the observed radiative lifetime of a given electronic level.
We have developed a technique with which we obtain the laser induced fluorescence spectra of ions confined to a small (1 cc) spatial region within a three dimensional radio frequency quadrupole trap. This trap is similar to the arrangement described by Benalin and Audoin (1973) , and it allows us to store large numbers of ions for time periods which are limited only by collisions with background neutral gas molecules.
Using a typical Langevin estimate for the ion-neutral collision rate, -5 we find that for a neutral gas background pressure of 10 Torr, each ion will experience one collision per msec. This is expected to be an upper bound for the actual collision rate and, in practice, we find nsec, is used to make revised estimates of interstellar CH+ abundance.
Experimental
The experimental arrangement used in this study has been described previously (Grieman ~ al., 1981; Mahan and O'Keefe, 1981) . Briefly, the method involves the use of a 3-dimensional rf quadrupole ion trap of the type described by Benilan and Audoin (1973) . The trap consists of a cylindrical center electrode and two flat end electrodes, positioned at opposite ends of the cylinder. The two end electrodes are made of wire mesh to aid in the collection of fluorescence. The general configuration is illustrated in Fig. 1 . For a given set of parameters, such as size and electrode spacing, the frequency and amplitude of the applied voltage will determine the ion mass which will be stored within the electrode structure. If a de bias is applied to the rf voltage a variable resolution is introduced to the mass selection permitting up to unit mass resolution. Such resolution was critical in the present study which required the isolation of CH+ from C+ and CH 2 +, all of which are formed in comparable quantities in the electron impact ionization Recent studies of atomic ions confined in a quadrupole ion trap, similar to our own, have shown the spacial distribution of ions to be nearly Gaussian with the density peaking at the trap center (Knight and Prior, 1979) . These studies also revealed the ions to have a -1
Doppler width of -1 em , corresponding to a translational temperature of several thousand degrees.
Ions are created by electron impact ionization of selected background neutral gas which is fed into the vacuum chamber through a -6 -5
variable leak valve and maintained at a pressure of from 10 to 10
Torr. The experimental timing sequence is best understood by considering one experimental cycle consisting of three main parts: ion production and confinement, laser excitation of the trapped ions, and fluorescence signal detection. The timing sequence is illustrated schematically in from an optogalvanic discharge cell which is used to calibrate the dye laser frequency as it is scanned (Ling and Schenck, 1978 ).
An on-line PDP-8 computer is responsible for the overall control of the experiment. Following the completion of each experimental cycle, the computer gathers each of the measured signals from the detection electronics and initiates a new cycle. After a predetermined number of cycles the computer steps the laser wavelength and begins to accumulate data at the new frequency. The computer stores the data, normalizes it and produces hard copies of the final spectrum. This procedure results in the collection of laser excitation spectra.
In the determination of radiative lifetimes, the experimental arrangement is modified somewhat. Control of the experimental timing is shifted from the computer to an internally controlled cycle. The timing sequence is unchanged when operating in this mode, but the laser frequency remains fixed, and the signal is collected continuously. The output signal from the PMT is fed into a Tracor Northern NS575 digital signal averager with a Biomation time base.
This system provides a minimum channel width of 10 nsec which is suitable for the radiative decay rates encountered in the present studies.
The signal averager is triggered by the pulse which initiates the detec- A channel width of 50 nsec was used to measure radiative lifetimes of 
Results and Discussion
A. ~2+ and co+
The isoelectronic molecular ions, N 2 + and CO+, are both of great importance in interstellar as well as atmospheric chemistry. These isoelectronic species share a common ordering of electronic states (for the lowest three levels) and so it is of interest to study both ions and to draw comparisons between them. In addition, the radiative lifetimes of excited states in these ions range from 55 nsec (B 2 I state of CO+) to Table II . In contrast to the short radiative lifetimes found in the B 2 I state of this ion, the A 2 rr state lifetime is on the order of several ~sec and, hence, will be subject to large perturbations due to electrostatic repulsion if steps are not taken to confine the ions or to reduce the space charge effect. Several groups have attempted to deal with the effect of positive space charge buildup, both theoretically and experimentally (Mohlmann and DeHeer, 1976, and Curtis and Erman, 1977) .
The poor agreement between these studies reflects the difficulties involved in modeling the space charge effects. Because the ion trap used in the present study confines the ions to a small volume for periods of many msecs, the perturbations caused by the electrostatic repulsion of the ions can be avoided. The use of a laser to selectively excite a particular level in the upper state removes the possibility of population cascading which would result in the distortion of the decay rate through a lengthening of the observed radiative lifetime. The results obtained + 2 here for the v' = 1,2,3, and 4 levels of CO A TI are presented in Table II . The trends in lifetime variation with v' are in agreement with the other studies although the results we obtain are some 30%
higher than those of Curtis and Erman (1977) .
As noted by Holland and Maier (1972) 
+ + CH and CD
The technique discussed here may prove to be most useful in the study of fragment ions; particularly those fragment ions which are produced only in small quantities. Ion densities achieved using this technique are limited only by fixed experimental parameters and thus, in principle, comparable densities of any chosen ion may be attained.
+
We have recently used this technique to study the A IT -X E system of both CH+ and CD+ (Grieman et al., 1981a) . which were -70 nsec (Smith, 1971; Anderson et al., 1973) . Subsequent investigations pushed the value up to several hundred nsec (Brzozowski et al., 1974; Brooks and Smith, 1975) . Recent studies by Erman (1977) in which attempts were made to neutralize space charge effects resulted 1 in a radiative lifetime for the A IT(v'=O) state of 630 nsec. Some of these studies suffer from poor spect'ral resolution and, in several cases, have likely been distorted due to the presence of overpowering impurity signals. Those studies which resolve specific rotational components of the transition are still subject to a large distortion due to electrostatic repulsion. The effect can be quite large for fragment ions, + such as CH , since the fragment is typically formed in small quantities (CH+ ~ 3% of total ionization from CH 4 ) and high ion densities must be formed to produce a measurable signal. These high ion densities result in large space charge effects.
Relatively high densities of CH+ ions can be generated in our trap (~10 6 /cc) and, as in the previously discussed studies, the effects of space charge repulsion are avoided. We have carried out studies of the decay rate of the A 1 IT(v'=O) state of both CH+ and CD+. In each case the (0,0) R branch bandheads were excited and total fluorescence monitared as a function of time. The results are tabulated in Table III. The result obtained for CH+ A 1 IT(v'=O), 815 nsec (Fig. 7) , is some 30%
higher than the closest previously determined value. This value, 630
nsec, was ar~ived at using the modified high frequency deflection (HFD) technique developed by Erman (1975) in which low energy electrons are injected into the ionization region to reduce the space charge generated by the positive ions. This technique has considerably reduced the effect of electrostatic repulsion, however, the actual extent of the effect's reduction is not well documented. Even with the space charge neutralization this technique results in a radiative lifetime for the co+ 2 A IT(v'=O) state of 2.85 ~sec which is more than 1.0 ~sec lower than the presently determined value of Tv'=O = 3.96 ~sec.
Examination of the results tabulated in Table II reveals rather good agreement between the values of T d obtained by Mohlmann and ra DeHeer (1976) , Holland and Maier (1972) and those obtained in the present study. These studies were all made under low collision conditions 5 -2 (10--10 Torr). The results obtained by Bondybey and Miller (1978) were obtained in a high pressure study ( If a correction factor, based upon the ratio of this average value for the co+ A 2 rr(v'=O) radiative lifetime to the value measured using the HFD technique, is applied to the HFD result ' (1973) .
The oscillator strengths of molecular transitions can be used to make estimates of column densities and relative abundances of molecules and ions in the interstellar medium. Because CH and CH+ are believed to be so important in the formation of many interstellar molecules, the correct modeling of their formation and chemistry is of fundamental significance.
Any theory dealing with the formation of CH and CH must accurately account for the observed abundances of these species (2) ( 3) to be acceptable. Thus, it is imperative to obtain precise determinations of the actual abundances of these molecular species through independent means. Recent measurements of CH+ column density (Vanden Bout and Snall, 1980) used an fO,O value of .014, based upon the studies of Brooks and Smith (1975) . Using the revised value of fO,O as determined in the present study the revised column densities are N = 2.8 x 10 13 , Holland and Maier (1972) . Table Headings A. Results of the present C. Result (for v'=O) of Curtis Miller (1978) ; E. Measured and calculations are based upon the study; B. Results of Mohlmann and DeHeer (1976); ; D. Results of study by Bondybey and calculated results of Holland and Maier (1972) 
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